Progressive encephalopathy, hypsarrhythmia and optic atrophy (PEHO) has been described as a clinically distinct syndrome of likely autosomal recessive genetic aetiology with a devastating prognosis for the affected child and their family.
This condition was first reported by Salonen et al in a group of Finnish patients. 1 They described a progressive infantile encephalopathy with severe early hypotonia, developmental regression and convulsions. The seizures were usually myoclonias or infantile spasms with hypsarrhythmia that were unresponsive to antiepileptic medication. The children had absence or loss of visual fixation, and optic atrophy was detectable by ophthalmoscopy before 2 years. At birth, they displayed oedema in the face and limbs, acquired (secondary) microcephaly and dysmorphismsincluding pear-shaped face, epicanthic folds, short nose, persistently open mouth and tapering fingers.
An early neuropathological study of eight cases demonstrated atrophy of the optic nerve and cerebellar cortex. 2 The Purkinje cells were small, deformed and misaligned with evidence of disrupted cytoskeletal architecture.
Subsequently, Somer (1993) proposed criteria she considered necessary for diagnosing PEHO syndrome. 3 She defined particular neuro-ophthalmological and radiological criteria: loss of visual fixation, atrophy of the optic discs by 2 years, normal electroretinogram and lack of visual evoked potentials (VEPs); progressive brain atrophy on neuroimaging predominately affecting the cerebellum and brainstem, with milder atrophy in the cerebrum. 4 5 EEG findings are not mentioned in Somer's diagnostic criteria, but in a serial EEG study of children with PEHO, all developed typical treatment-resistant hypsarrhythmia between 3 and 11 months of age, hence the inclusion in the syndrome's acronymic name. 5 Somer also described a PEHO-like syndrome with indistinguishable facial features, but without either optic nerve and/or infratentorial atrophy. 3 They felt that the children with only mild cerebral atrophy on MRI had subtle clinical differences to the PEHO group and hence should not be considered to have the true PEHO syndrome. Chitty et al later reported three severely affected children who met all the other criteria for PEHO syndrome, but had generalised cerebral atrophy. 6 They met the same developmental endpoint as the previously described PEHO cases, raising the question as to whether the diagnostic criteria for PEHO should include the more generalised findings of brain atrophy.
Apart from the Finnish patients, cases of PEHO and PEHO-like syndrome have been reported in other countries and ethnic groups. Some have questioned Somer's distinction between classical PEHO and PEHO-like syndromes. 6 7 The exclusion of children without infratentorial atrophy on MRI is debated. These groups suggested that these phenotypes may not represent unique pathological processes, but rather a spectrum of presentations caused by a severe disease. Field et al suggested that the Finnish cohort may represent 'a homogeneous subgroup of a single disorder'. 7 Salpietro et al 8 argued that finding Italian siblings with an identical phenotype to Somer's supported the existence of more than one distinct disorder. 8 In addition to cerebellar and brainstem atrophy, several other imaging findings have been reported in patients with PEHO and PEHO-like syndrome including cerebral atrophy, 3 4 7 9-11 hypoplastic corpus callosum 6 11-15 and abnormal signal intensity of the cerebral white matter. 4 6 11 16 Serial MRI studies have demonstrated the progressive nature of the imaging findings. 17 18 The absence of cerebellar atrophy in some children may represent early timing of investigations/mortality. 7 A biochemical aetiology has not been elucidated, although decreased levels of insulin-like growth factor and increased nitrate/nitrite levels have been described in the cerebrospinal fluid of some Finnish cases. 19 20 An autosomal recessive pattern of inheritance has been indicated by families where different sex siblings are affected and by patients with consanguineous parents. However, no single gene has been identified as causative. 1 16 It is not surprising that the Finnish cohort shows more clinical and radiological homogeneity than case reports involving patients with various ethnicities. While most cases and families are recessive, an autosomal dominant form of PEHO syndrome has been described. Variable expressivity seen in a dominant KIF1A variant affecting the motor domain of the protein has also been suggested to cause the full or partial phenotype of PEHO syndrome in a subset of patients. 21 Gawlinski et al reported the PEHO phenotype in disease-causing mutations in known variants associated with neurodevelopmental disorders, for example, CDKL5. In a child with both GNAO1 and HESX1 gene variants, they hypothesised that a complex PEHO phenotype with optic atrophy could result from aggregated effect of genetic variants at two loci. 22 Identifying the aetiology is essential for genetic counselling and understanding the role of the abnormalities in normal brain function-hopefully leading to improved or new therapies. We present a case series of 19 children with a diagnosis of PEHO or PEHO-like syndrome. We suggest that the PEHO or PEHO-like phenotype may be seen in several infantile developmental and epileptic encephalopathies with diverse genetic aetiologies.
Neurogenetics

METHods
Patient selection
Children with PEHO or PEHO-like syndrome were recruited through our own practices, national collaborators and requests for cases via the British Paediatric Neurology Association, European Paediatric Neurology Society and UK Clinical Genetics Society. The inclusion criteria were that they met the diagnostic criteria for either PEHO or PEHO-like syndrome 3 6 (for a diagnosis of PEHO, a child must have all of the essential diagnostic criteria; table 1). Research ethics approval was gained for the clinical and molecular aspects of the project, and families contacted directly for consent to use photographs.
Where children died before the age of 2 years, we assigned the diagnosis in the absence of optic atrophy as this feature is progressive and not expected to be present in infancy. To make a diagnosis of PEHO-like syndrome, a child may not have all of the features; in particular, they may lack either diagnostic MRI changes or optic atrophy. Radiology was reviewed with an experienced paediatric neuroradiologist. A child was also given a provisional diagnosis of PEHO-like syndrome if they had all the features of PEHO, but displayed some features listed in table 1 that argue against a diagnosis of PEHO. However, children were excluded if they did not have all the features of PEHO and had any of the features that argue against the diagnosis.
Clinical, neurological and dysmorphic features were recorded, and EEG reports and MRIs were reviewed. Where it was not possible to review the child (as they were deceased), case notes were reviewed, and clinical findings and investigations were recorded.
Molecular methods
Children had DNA extracted by standard methods, and a microarray and exome were performed. The results of each exome were analysed first for known genetic causes of early infantile epileptic encephalopathies (EIEEs) (using a virtual panel approach), and if no mutations were found, then we sought pathogenic mutations using presumed de novo autosomal dominant, autosomal recessive and X-linked Mendelian inheritance using an agnostic approach to include all genes as initial candidates and then standard bioinformatics approaches to select likely candidate gene mutations. [23] [24] [25] Where there were multiple family members or consanguinity, this process was eased by seeking either concordance of mutations in affected family members or homozygous mutations within homozygous chromosomal regions. In some families, it was impossible for us to determine likely pathogenic variant(s) in a single gene. All potential pathogenic mutations were confirmed by Sanger sequencing of affected children and, wherever possible, their parents. 23 26 We sought intra-interfamilial phenotypic correlations and genotype-phenotype correlations when pathological mutations were identified.
rEsulTs study recruitment
The 23 children recruited into the study were from 14 families. The majority were from the UK but from differing racial backgrounds, including British, Arabic, Sudanese and Pakistani children (three Pakistani families). One 'PEHO-like' case, subsequently found to have biallelic pathogenic variants in RARS2, was included in the study, but excluded from the analysis. 27 One child was excluded as there was insufficient information to allow classification. In a PEHO sib pair, we found a pathogenic homozygous variant p.(Asp106Asn) in PRUNE, but they were subsequently reported [28] [29] [30] and so were excluded from the study. Nineteen children from 11 families were reviewed, 7 had PEHO and 12 had PEHO-like syndrome.
Of the 12 children with PEHO-like syndrome, two could not be classified as PEHO because of missing data. In two cases, we removed the diagnosis of PEHO because of a history of hypertonia in early life, though later their tone was noted to be low normal. In three cases, despite fulfilling all the criteria of PEHO, there were also features that were deemed not in keeping with the diagnosis, including microcephaly present at birth and abnormal neuronal migration on MRI. Two children diagnosed with PEHO lacked evidence of optic atrophy-both died under 2 years-before optic atrophy would have developed. We were unable to sequence DNA from one child.
Five of the 19 children studied came from consanguineous families. Three families (families A, B and C) had multiple affected children. One of these (family C) was consanguineous. PEHO and PEHO-like syndrome occurred within a family; family A had five affected children, three with PEHO-like syndrome and two with PEHO.
Essential features for the diagnosis of PEHo
All of the children (PEHO and PEHO-like syndrome) had delayed psychomotor development. All had seizures (figure 1A) that included infantile spasms and had highly abnormal EEGs. Seventeen of the children had severe hypotonia, whereas two had initial hypertonia followed by low tone.
All children with PEHO were unable to fixate visually; two did not have optic atrophy (essential criteria), but died by the age of 2 years, potentially precluding its development. All but 1 of the 12 children with PEHO-like syndrome were unable to fixate. Four did not have optic disc atrophy. One died before they were 2 years old, one was not examined by an ophthalmologist after the age of 6 months, one had pale optic discs and one was noted to have absent VEPs at 4 months, but there was no information on their optic discs.
MRI findings
All of the children with PEHO had cerebellar atrophy, but other features varied. Two had cerebellar atrophy alone, two had other infratentorial atrophy and three had global atrophy with more predominant changes in the cerebellum ( figure 1B and figure 2) .
Seven of the children with PEHO-like syndrome had no cerebellar atrophy; in four, it was the lack of cerebellar atrophy that excluded them from a diagnosis of PEHO. Of the seven with no cerebellar atrophy, two had no MRI scans, two had normal MRIs which were done at an early age (less than 1 year) and three had abnormal MRIs with changes supportive of a PEHO diagnosis, but no cerebellar changes (one of these was done at age 7 months and the ages at which the other two were done are unknown). The five who displayed cerebellar atrophy also had evidence of abnormal migration.
Dysmyelination was reported in three children with PEHOlike syndrome and one child with PEHO.
EEG findings
Four of the 7 children with PEHO and 7 out of the 12 with PEHO-like features had an EEG showing classical hypsarrhythmia. Three of the children's EEGs were not available for review; one was abnormal, but not classical for hypsarrhythmia. The remaining four were highly abnormal and may have been consistent with modified hypsarrhythmia.
Features supportive of the diagnosis
All children had strikingly similar dysmorphic features supportive of the diagnosis of PEHO (figure 2). One of the children did not have the characteristic oedema of the face and limbs, and in one sibling, this feature was not recorded in their notes.
The other findings listed in the supportive diagnostic criteria were not recorded for many of the children studied. 3 These include brisk tendon reflexes in early childhood, abnormal brainstem auditory evoked potentials, absent cortical responses of somatosensory evoked potentials and slow nerve conduction velocities in late childhood. VEPs had been measured in only one of the children studied.
A further feature which is not listed in the supportive criteria, but which is of interest, is a striking somnolence which was seen in these children. This feature was remarked on in the notes of 18 out of 19 children studied.
description of specific families within the cohort
Phenotypes and genotypes are detailed in table 2.
Our cohort included three families with multiple children affected by PEHO and PEHO-like syndrome.
Family A was made up of 11 siblings and 2 half-siblings, of which 5 children were affected (figure 3A). The parents had mild learning difficulties. Of the five affected children, the eldest and youngest (children 1 and 5) met the criteria for PEHO, whereas the other three (children 2, 3 and 4) were PEHO-like syndrome. All five children displayed profound hypotonia. All had at least some of the typical dysmorphic features and, all except child 5, had the peripheral oedema associated with PEHO syndrome. Child 2 initially showed myoclonic jerks before infantile spasms developed, whereas in child 1, the spasms were replaced by other seizure types including startle seizures and generalised tonic seizures. In the elder two children (children 1 and 2), EEG demonstrated classical hypsarrhythmia, whereas in the younger three (children 3, 4 and 5), the EEG was highly abnormal with an appearance consistent with infantile spasms. Children 1, 2, 3 and 5 displayed optic atrophy before 2 years, but child 4 did not have documented optic atrophy. In this child, visual fixation was reduced at 7 months, but ophthalmological review was not repeated after this. Child 1 had an MRI scan at 9 months of age which demonstrated a small pons, medulla, cerebral peduncles and cerebellar hemispheres. However, child 2 had a normal MRI at 6 months of age including a normal cerebellum and level of myelination. Child 3 died from pneumonia at 15 years and did not have any imaging. We were unable to obtain the images or Neurogenetics Figure 1 (a) column graph illustrating the percentage of children, in both the PeHO and the PeHO-like cohort, displaying each of the features listed as essential for the diagnosis of PeHO (Somer 1993) . note that the feature of optic disc atrophy is not seen in all those diagnosed with PeHO because some died before it may be expected to have developed. (B) column chart illustrating the variety seen in the Mri findings of the children in this cohort. PeHO, progressive encephalopathy, hypsarrhythmia and optic atrophy.
the report for the MRI of child 4. Child 5 had an MRI at only 14 days old which showed cerebellar atrophy.
In family B, there were three affected sisters (figure 3B and children 8-10 in table 2) born to non-consanguineous parents, two of whom have been described previously.
11 Using Somer's criteria, all three children would be classified as having PEHOlike syndrome because cerebellar atrophy was lacking. The elder sisters (children 8 and 9) displayed supratentorial atrophy with delayed myelination. Child 8's scan was done at 7 months; child 9 had imaging at an unknown age. Child 10 had a normal MRI undertaken before her death at aged 21 months. All three had abnormalities of vision-child 8 lacked VEPs at 4 months of age, consistent with optic atrophy or cortical blindness; child 9 had pale optic discs by 1 month of age and child 10 was documented as having delayed visual maturation and died at aged 21 months. All three had microcephaly. Children 8 and 9 had the characteristic dysmorphic features of PEHO syndrome, whereas child 10 had different dysmorphic features. All three children were hypotonic and had hypsarrhythmia on EEG.
Family C included three affected children (children 14-16 in table 2) within two sibships in a consanguineous pedigree who all displayed a phenotype consistent with PEHO-like syndrome. A common genetic abnormality has been elucidated. 31 The three children presented at birth with microcephaly, hypotonia with poor motor control and an onset of seizures within the first 2 weeks. The seizures were initially myoclonic jerks and infantile spasms in all three; children 15 and 16 later developed other seizure types. All three had absence or early loss of visual fixation with atrophy of the optic disc by 2 years and on neuroimaging progressive and predominantly infratentorial brain atrophy as well as pachygyria of the frontal and parietal regions. Child 14 and child 15 had dysmyelination, and child 16 was too young for this to be assessed. Child 14 and child 16 demonstrated brisk tendon reflexes, whereas child 16 was too young for this to be assessed. All three had the dysmorphic features and oedema associated with PEHO syndrome.
Genetic findings
We discovered seven mutations (five ACMG 'pathogenic' and two in SCN1A and SCN2A 'likely pathogenic' 32 ) in 8 out of the 12 included families, all three families with multiple affected children, five of the nine singletons and in total 15 out of 19 children. All mutations were confirmed by Sanger sequencing. None are present in the Exome Aggregation Consortium (ExAC) or Exome Variant Server (EVS) variant databases, with the exception of the SNP rs114925667 in UBA5. All parents were unaffected. Families are annotated when parents are consanguineously related. No disease-causing copy number variants were identified through microarray analysis.
Children 1 to 5 (family A)-PCLO
Three of these children had PEHO-like syndrome, and two had PEHO syndrome. All five had biallelic nonsense variants in the gene PCLO ( figure 3A) ; c.2703C>T p.Gln901*ter and c.7080C>G p.Tyr2360*ter. Each parent had one of the two variants. PCLO, which encodes the protein PICOLLO, was discovered in Drosophila as a gene essential for central nervous system synapse formation and function. We considered that these variants were pathogenic null alleles causative of the phenotype.
Homozygous nonsense PCLO variants (c.10624C>T and p.Arg3542*) have been reported previously in a family with pontocerebellar hypoplasia type 3. 33 34 The four affected individuals in this family presented with truncal hypotonia with increased deep tendon reflexes and had severe global developmental delay and seizures in the first year of life. Two had optic atrophy, and one had a brain MRI showing diffuse atrophy most marked in the cerebellum.
Child 6-SCN2A
One child with PEHO syndrome was found to have a heterozygous SCN2A mutation c.743T>C p.Leu248Pro. SCN2A is a voltage-gated sodium channel expressed widely on neurons. We considered this mutation as likely pathogenic as Leu248 is invariant in vertebrate SCN2A proteins, found at the equivalent position in SCN1A/3A/4A/5A/6A/8A/9A/10A/11A, and SCN2A variants affecting closely located amino acids (p.Arg223Gln, p.Met252Val and p.Ala263Val) are all reported to cause seizure disorders. We were unable to determine if the mutation was de novo, although it is not reported in EVS or ExAC. SCN2A heterozygous mutations are reported to cause EIEE type 11 (EIEE11-OMIM 613721) and benign familial infantile seizures Children 1-5 are from family A; children 8-10 are from family B; children 14-16 are from family C. *For each mutation pathogenicity, details are within the paper. Here we give either a reference confirming pathogenicity or where this is unavailable, the SIFT score (). ExAc, Exome Aggregation Consortium; PEHO, progressive encephalopathy, hypsarrhythmia and optic atrophy; SIFT, Scale Invariant Feature Transform.
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type 3 (OMIM 607745); however, PEHO phenotypic features have not been previously reported.
Children 7 and 19-PLAA
Two children from different families, both born to consanguineous first-cousin parents, both had the same homozygous pathogenic variant in the gene PLAA; c.68G>T p.Gly23Val. The families were not known to be related, but both families originate from the same region of Pakistan. One child had a PEHO phenotype, and the other had PEHO-like syndrome (due to early hypertonia). These children, a further family, and evidence of variant pathogenicity have been reported previously. 26 PLAA encodes for the phospholipase A2-activating protein, is involved in the maintenance of ubiquitin levels and is strongly expressed in the central nervous system. However, the phenotypic human consequences of pathogenic variants have not been previously described.
Children 8 to 10 (family b)-UBA5
Three children had a PEHO-like diagnosis. Two were compound heterozygotes for the UBA5 variants ( figure 3B ): c.1214A>T p. ter405Leu+12*ter and c.1111G>A p.Ala371Thr. DNA from the third sibling could not be sequenced. Each parent carried one of the two variants. We considered the variant p.ter405Leu+12*ter likely pathogenic given the evolutionarily conserved size and C-terminus of UBA5, and that UBA5 functions in a complex as a dimer with UFM1 and UFC1, which is bound with the C-terminal peptides of UBA5. 35 The c.1111G>A p.Ala371Thr variant is the recorded SNP rs114925667 with a population frequency in EVS of 0.0015 (20/12976) and in ExAC of 0.0018 (223/121150). It has been shown to be a pathogenic hypomorphic variant affecting UBA5 function. 36 This pathogenic SNP was found as the second mutation in nine children reported with a severe infantile-onset encephalopathy, and in each of the five families described, the first variant was a nonsense or pathogenic splice site variant. The phenotype of these children would fit as PEHO-like syndrome: truncal hypotonia and later spasticity, most had infantile spasms and epileptic seizures and secondary microcephaly, some had peripheral oedema, brain MRI (when able to be performed) showed subtle findings including mild cerebral or cerebellar atrophy and all but one had severe developmental delay. A concurrent paper also described five further children with a PEHO-like phenotype (although only two had cerebellar atrophy) and biallelic missense variants in UBA5; in three cases, the second variant again was c.1111G>A p. Ala371Thr rs114925667.
37
Child 12-CASK
This female had a de novo, heterozygous nonsense likely pathogenic variant in exon 3 of CASK; c.274C>A, p.(Glu92*Ter). Similar variants in this gene have been reported to cause a syndrome comprising severe intellectual disability, progressive microcephaly, axial hypotonia, pontine and cerebellar hypoplasia and optic atrophy-but only in females with heterozygous pathogenic variants. 38 The peripheral oedema seen in our case had not been previously reported.
Children 14 to 16 (family C)-CCDC88A
Within a consanguineous family, two siblings and a cousin had a PEHO-like condition, which we have previously described. Children 1-5 are from family A; children 8-10 are from family B; children 14-16 are from family C. *For each mutation pathogenicity, details are within the paper. Here we give either a reference confirming pathogenicity or where this is unavailable, the SIFT score (). ExAc, Exome Aggregation Consortium; PEHO, progressive encephalopathy, hypsarrhythmia and optic atrophy; SIFT, Scale Invariant Feature Transform; VEP, visual evoked potentials.
31
The affected children had a homozygous, and the parents the heterozygous variant, c.2313delT, p.Leu772*ter in the gene CCDC88A. CCDC88A encodes for the protein coiled-coil domain containing 88A, which is more commonly known as GIRDIN. GIRDIN has multiple roles involving cell migration and determining cell polarity, particularly evident in neurons. 39 40 The human PEHO-like syndrome was reported to have significant overlap to the GIRDIN knockout mice.
Child 17-SCN1A
A child with a PEHO-like phenotype was found to have a heterozygous SCN1A variant c.1252A>C p.Iso418Leu. This apparently trivial change occurs in the intracellular portion of the domain I-S6 transmembrane domain. This is a critical region of the intracellular pore within the Nav1.7 protein, which is capable of being closed or open to allow Na + to enter the cell. The surrounding peptide sequence NLILAVVAMA is conserved in all human Nav1.n proteins (except Nav1.9-where it is NLTLAVVAMA, in all vertebrate Nav1.7 proteins, and in Drosophila paralytic). Parents were unavailable for testing.
Children 11, 13 and 18
In three children with a PEHO-like phenotype, no clear pathogenic gene variants were found.
Gene mutations previously reported to cause PEHo but not found in our cohort
ZNHIT3:
The cause of Finnish PEHO syndrome has recently been revealed to be homozygous pathogenic variants in ZNHIT3.
41
KIF1A: PEHO or PEHO-like syndrome has been reported in children with de novo mutations of the motor domain of KIF1A.
dIsCussIoN
We have found clinical and genetic heterogeneity in PEHO. The original Finnish cohort was ethnically homogeneous, unified by one common mutation in ZNHIT3. 41 It differs from our ethnically diverse cohort-children of white British, Albanian, Sudanese and Pakistani heritage. We saw fewer pure PEHO cases. Discordance, that is, PEHO and PEHO-like syndrome, existed within the same pedigree. A number of entities influence whether the outcome would be PEHO or PEHO-like syndrome. Of the 'essential' features, all children in this cohort including those with PEHO-like syndrome had psychomotor delay and seizures; all except two had severe hypotonia, whereas two initially had reported hypertonia, but later were noted to have normal to low tone. Of the supporting characteristics, we observed that all had dysmorphic features and all except two had oedema of the face and limbs recorded. We found that the majority of children had a striking feature of extreme sleepiness in excess of that seen on most children with other epileptic encephalopathies. Some of the criteria for diagnosis are likely to be age-related; optic atrophy gradually develops and should be present by 2 years; also, the majority developed hypotonia by the end of the first year, but two developed it earlier.
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There was clinical diversity within the ophthalmic findings-even within the same family. Eighteen of the children had ophthalmic abnormalities with visual inattention, which fulfils half of the essential criterion for ophthalmic signs. Only 13 had optic atrophy possibly due to early death prior to its development/assessment.
There was neuroradiological variability. We classified only those with evidence of infratentorial, especially cerebellar atrophy, as having PEHO. However, the range of abnormalities varied from pure volume loss of the cerebellum to changes affecting the brain globally. Some did not satisfy the PEHO essential criteria, but showed abnormal myelination, which would be supportive of PEHO. Three of the cohort had findings consistent with PEHO, but additionally had evidence of pachygyria which would argue against a PEHO diagnosis, placing them in the PEHO-like diagnostic category. A small number of children had normal MRI findings. There are reports of the progressive nature of MRI findings in PEHO. 17 18 This supports the suggestion that the essential diagnostic criteria should be broader, including more generalised findings of brain atrophy or dysmyelination, and not remain restricted to the cerebellum. Serial MRIs through the condition would be more reliable, but not always clinically justifiable.
We report the clinical variation within affected families. Intrafamilial and interfamilial variability between families with the same genetic variant(s) leads one to question the validity of the distinction between PEHO and PEHO-like syndrome. From this cohort, it is clear that PEHO-like syndrome is not a distinct clinical entity in its own right. This intrafamilial variability also supports the argument that the MRI and ophthalmic findings, which are currently essential criteria for PEHO, should be altered. Some of the divergence in this cohort may be due to features occurring later and not being present at the time of assessment. We feel that the distinction between PEHO and PEHO-like is not clinically useful as they both represent the clinical endpoint of the different genetic epilepsies on the infantile-onset developmental and epileptic encephalopathy (DEE) spectrum.
In our cohort, we found marked genetic heterogeneity in the likely cause of PEHO/PEHO-like syndrome. We identified likely pathogenic variants in seven different genes. None of the patients in our cohort had variants in ZNHIT3 or KIF1A which are known to cause PEHO and PEHO-like syndrome. Our patients demonstrated different inheritance patterns of their PEHO/PEHO-like syndrome including autosomal recessive, dominant and X linked dominant. Reviewing the functions of our PEHO genes, there is no obvious shared function to suggest a common pathogenesis Children 1-5 are from family A; children 8-10 are from family B; children 14-16 are from family C. *For each mutation pathogenicity, details are within the paper. Here we give either a reference confirming pathogenicity or where this is unavailable, the SIFT score (). ExAc, Exome Aggregation Consortium; PEHO, progressive encephalopathy, hypsarrhythmia and optic atrophy; SIFT, Scale Invariant Feature Transform.
Figure 3
Family trees for families a and B (black fill-PeHO, black and white chequered-PeHO-like syndrome, white-unaffected). the number given to each affected child correlates with the child number used in table 2. Only parents and affected children are shown in the family tree. Unaffected siblings are not included. the PeHO-related variants identified in the PCLO and UBA5 genes and their proteins in these families are illustrated below (n.B., the genotype for child 10 is unknown). Mutations shown as nucleotide change above the linear protein cartoon and below for the protein change. Domains for PCLO from left to right: in white, FYVe1 and FYVe2; in black PDZ and in grey riM-c1 and riM-c2. the thiF domain of UBA5 is shown as a white box. See nahorski et al 31 for family tree for family c and illustration of CCDC88A variants. Family tree for family a and variants in the PCLO gene and its protein. Family tree for family B and variants in the UBA5 gene and its protein. PeHO, progressive encephalopathy, hypsarrhythmia and optic atrophy.
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for PEHO syndrome; for example, PCLO and PLAA are components of synapses, SCN1A and SCN2A are essential for neuronal membrane potential and UBA5 is involved in ufmylation.
CoNClusIoNs
We conclude that PEHO and PEHO-like syndrome are clinically and genetically diverse entities and represent the endpoint of many severe epileptic disorders. The aetiological diagnosis of early-onset severe epileptic encephalopathies remains extremely challenging given the clinical and genetic heterogeneity. Our study is a reminder of the complexity of investigating children with DEE. These children need careful clinical evaluation and investigation with a genetic DEE panel which includes genes reported in association with a PEHO/PEHO-like phenotype. This study suggests that 'PEHO' is no longer an appropriate clinical label outside of the Finnish population. Note:
Since submission of this paper, the causative gene change in child 11 has been shown to be a homozygous missense mutation in UFM1 c.241C>T, p.(Arg81Cys). Biochemical analysis and further case ascertainment was necessary before we could be sure of this. 42 
